Introduction
The changing dynamics of emerging viruses has resulted in an increasingly important role for viral discovery and diagnostics in clinical medicine and public health. Globalization of travel and trade in domestic animals and animal products, bush meat trafficking, political instability and bioterrorism, as well as climate change and its effects on vector distribution have all facilitated the emergence and reemergence of zoonoses [1] [2] [3] . Viruses previously restricted to one host species or geographic region can now appear in unexpected locations, confounding clinicians who are unprepared to recognize new syndromes or to detect new pathogens with their existing diagnostic tests. Immunosuppression associated with organ transplantation, chemotherapy or HIV/AIDS has enabled viruses with limited virulence to become more pathogenic [4] [5] [6] [7] . The increased appreciation for the potential role of viruses in chronic cardiovascular, endocrine, neurodevelopmental and neoplastic disorders coupled with a growing repertoire of diagnostic tools and techniques has resulted in a re-energized quest for associated pathogens ( Figure 1 ) [8] [9] [10] . This burgeoning interest in discovery and diagnostics now also has practical applications given recent improvements in drugs and vaccines. The lack of effective therapies once made the diagnosis of viral infection primarily an academic exercise; however, the expanding armamentarium of countermeasures for specific viruses promises unprecedented opportunities to reduce morbidity, mortality and the economic costs of viral infections.
Tools for the hunt Tissue culture
Although this classical method for viral discovery is dismissed by some investigators as cumbersome, expensive and quaint, we continue to use it for several reasons. First, the growth of an agent in culture provides an excellent source of enriched template for molecular characterization. Additionally, having an inoculum for animal model studies, a cell-based assay for serology or a titered stock for neutralization tests greatly aids the pursuit of the proof of disease causation [11] [12] [13] [14] . Such stocks are also needed for in vitro assessment of vaccines and to test drug candidates. Finally, visualization of an agent by electron microscopy is an intellectually satisfying coup de grace for even the most jaded microbe hunter [15, 16] . The challenge is to find a cell line that allows both entry and replication. The former requires expression of the appropriate receptors (and in some instances, co-receptors), while the latter requires host factors that support virus transcription, replication, assembly and egress [17, 18] . Another impediment can be the induction of innate immune responses that impede transcription, replication and/or protein synthesis. Of these challenges, innate immunity is the most straightforward to address, as responses can be depressed through the use of antibodies or other molecules that target alternate pathways. The only current solution for the receptor and factor challenge is to test multiple cell lines, both continuous and primary, from a wide range of host species. Unfortunately, in some instances, these efforts fail and the only system that may prove useful for virus amplification is animal inoculation [17] .
Imaging
Until the advent of rapid, inexpensive unbiased high throughput sequencing, immunohistochemistry was frequently the first step towards identifying candidates for molecular assays. In 1999, for example, our decision to pursue flavivirus consensus PCR with brain extract of victims of the encephalitis outbreak in New York was guided by immunoassays performed by Sherif Zaki at the Centers for Disease Control in Atlanta [19] [20] [21] . More recently, imaging has been used primarily for examining the strength of the association between an infectious agent and a disease by testing for its presence at the site of pathology [22] [23] [24] . Although rapid protocols for electron microscopy exist that allow the visualization of viruses in a few hours, they require substantial operator expertise and a high agent concentration. Immunohistochemical assays can be pursued using serum from either the affected individual or one with a similar disease, or with antibodies generated in animal models inoculated with the virus candidate or immunized with viral proteins [25] . Where serum is already available these approaches can be implemented rapidly; however, with truly novel agents the delay required to create immunological reagents is typically measured in weeks to months. An alternative is to pursue in situ hybridization. In as little as a few days, genetic sequence of the pathogen candidate can be used to design probes with which to examine the distribution of that candidate in tissues [26] .
Multiplex assays
Clinical syndromes are only rarely pathognomonic of infections with specific agents. Thus, although singleplex assays are more common in clinical microbiology, multiplex assays can be more useful not only in differentiating amongst likely candidate pathogens, but also in excluding them, so that efforts can be focused on discovery [27] [28] [29] [30] .
Multiplex PCR assays in current application detect products using fluorescence, mass spectroscopy or capillary electrophoresis [31] [32] [33] [34] [35] . The most highly multiplexed of these can address as many as 50 candidate agents with the sensitivity required for analysis of clinical materials [36] [37] [38] . Even higher levels of multiplexing can be obtained with DNA microarrays that can comprise millions of individual probes [39] [40] [41] [42] . However, sensitivity may be insufficient for clinical applications. This drawback may ultimately be overcome through the use of nanofluidics and electronic nanocircuitry [43] [44] [45] ].
High throughput sequencing
The advent of rapid, inexpensive platforms for DNA sequencing has revolutionized microbiology by providing culture-independent methods for pursuing virus discovery and characterization, surveillance and outbreak investigation. Over the past 10 years, the per base cost of sequencing has decreased 10 000-fold, from $5000 per megabase using capillary electrophoresis to $0.5 per megabase using the Illumina platform [46, 47] . Accordingly, as the volume of sequence data has grown exponentially in individual experiments and international data repositories, the challenge has shifted from sequence acquisition to analysis. A key determinant in the complexity of bioinformatics Staged strategy for pathogen discovery and proof of causation.
analysis is the read length, which ranges from 150 bp on the Illumina HiSeq or MiSeq instruments to 700 bp on the Roche GS FLX Titanium pyrosequencer [46, 48] . The shorter the read length, the greater the number of calculations needed to assemble continuous strings of genomic sequence. An additional challenge on some instruments (e.g. GS FLX and Ion Torrent Personal Genome Machine [PGM] ) is the uncertainty of base identification caused by nucleotide homopolymers [46, [49] [50] [51] [52] . Although single molecule sequencers are in development that promise to provide both fidelity and long strings of sequence data, the current strategy for many investigators is to use the GS FLX or PGM platforms to generate a scaffold for assembling and mapping sequence data from Illumina instruments [53,54 ,55 ] . Irrespective of platform, the process following sequence acquisition is similar for pathogen discovery: contiguous sequences are assembled, host sequence is subtracted, and the residual sequences are examined for similarity to known microbial sequences at the nucleotide or amino acid level [56, 57] . Where no similarities are found, one can examine nucleotide composition and/or order for patterns consistent with viral genera and host species. This approach can also help in deciding which sequences merit further analysis, an important advantage particularly in examining fecal specimens where sequences may represent viruses infecting the host, or a plant or animal consumed by host [58] [59] [60] [61] [62] [63] . Although investigations of individual cases or outbreaks of disease still typically focus first on testing for the presence of specific agents using singleplex or syndromespecific multiplex assays, as the costs of sequencing continues to decrease, instruments become more portable and methods for sample preparation and sequence analysis become more user friendly, we anticipate that sequencing will move to the forefront of clinical diagnosis as well as discovery.
Serology
Although a wide range of genetic methods have been established for multiplex detection of viruses -oligonucleotide microarrays, multiplex PCR and sequencingserology is largely confined to the singleplex methods that have been employed for decades, including immunofluorescence, enzyme linked immunosorbent (ELISA), Western blot, lateral flow and neutralization assays. Thus, with the notable exception of the Luminex system wherein individual bead populations are decorated with panels of different antigens that are simultaneously queried, investigators must commit to testing specific pathogen hypotheses using individual tests rather than pursuing syndromic surveillance for a wide range of agents [64] . An additional challenge is that the development of immunoassays is typically a time consuming and labor intensive process that requires preparation of antigen and production or characterization of antisera for validation. It is impossible to estimate rates of morbidity and mortality associated with infection unless one can determine not only the presence of an agent in individuals with disease but also the number of individuals who have been infected but have no or only mild disease. Despite these drawbacks, serology can be useful when molecular methods are unsuccessful. For example, direct means of genetic detection are not useful when viral nucleic acids are not present in an accessible sample (e.g. cerebrospinal fluid in most cases of encephalitis) or where disease may be triggered by an agent that is no longer present (e.g. chronic or degenerative diseases). The risk of exposure to a new infectious agent is modulated by an individual's previous exposures to similar agents or vaccines. Such exposures may confer complete or partial protection or result in increased risk for more severe disease owing to antibody-mediated enhancement as in dengue [65 ] . Thus, knowledge of an individual's immunological history may influence decisions concerning his/her treatment, vaccination or deployment as a first responder or health care worker in areas with increased probability of encountering specific pathogens. There is urgent need, therefore, to develop serological platforms that can be rapidly deployed as new agents are discovered and to simultaneously detect evidence of exposure to more than one agent. One such platform is Luciferase immunoprecipitation systems (LIPS), a quantitative high-throughput liquid phase format assay wherein viral protein antigens are fused to an enzyme reporter, Renilla luciferase (ReL), expressed in mammalian cells, harvested and then incubated with serum and staphylococcal protein A/G magnetic beads [12, 66 ] . Following precipitation, luciferase activity is determined as an index to antibody concentration. Establishment of a LIPS assay for a new virus can be developed within several days of the acquisition of genomic sequence data. Another promising platform builds on the microarray technology currently used for detection of the nucleic acids of pathogens [67] [68] [69] . Early versions based on spotted peptides have been supplanted by 25 mm Â 75 mm arrays onto which peptides are synthesized in situ at densities that exceed 1 million features. This density already allows designs that tile the proteomes of hundreds of viruses. As the printing density increases and efficiencies of scale drive down costs we envision that high throughput multiplex serology will become feasible in clinical as well as research laboratories.
Social media
Recent advances in the portability and accessibility of the Internet affords new opportunities for viral surveillance and discovery. Individuals can rapidly and inexpensively share reports of outbreaks of disease as well as primer sequences, protocols and insights, or request assistance. The first program to build such a presence was ProMEDmail (Programme for Monitoring Emerging Infectious Diseases), created in 1994 to provide a free, interactive international forum for reporting and discussing outbreaks of disease [70] . It remains active to the present day and serves more than 60 000 subscribers in 185 different countries. Two other popular programs are GPHIN (Global Public Health Intelligence Network) [71] and HealthMap [72] . GPHIN is a subscription news service that reviews media reports and web entries for information concerning outbreaks [71] . HealthMap is a hybrid of the passive and active surveillance strategies used by ProMED-mail and GPHIN, respectively, which provides user-friendly maps of disease emergence with informative hyperlinks [72] . Although none of these programs yet integrates the full range of data sources that have the potential to contribute to global awareness (e.g. medical or veterinary service use, purchases of prescription drugs and over the-counters remedies), they have dramatically enhanced communication amongst scientists, clinicians, public health practitioners, and laid the foundation for a global warning system that enables focused investments in surveillance and discovery.
Mechanisms of pathogenesis and proof of causation
In the most straightforward examples of pathogen discovery the investigator encounters an outbreak of what appears to be a transmissible disease. Many individuals present with similar signs and symptoms and there is: (1) a pattern consistent with either direct human-to-human transmission or exposure to a common source whether aerosol, enteric or arboviral; (2) a high concentration of the agent at the site of pathology; (3) an acute presentation of disease. However, limiting microbe hunting to such ideal scenarios would eliminate opportunities for actionable insights into chronic or sporadic disorders or early zoonotic transmission events. Host factors including age, nutrition, genetic context, co-infection, and previous exposures to related agents can have a profound impact on susceptibility to infection and the expression of disease. Viruses can cause damage at the site of infection as a direct result of replication, or as an indirect effect of innate or adaptive immune responses to microbial gene products. They may also induce neoplasia through cell cycle interference. The gold standard for proof of causation are the criteria established by Loeffler and Koch known as Koch's postulates [73] . They require that an agent be present in every case of the disease, specific for the disease and sufficient to reproduce the disease after culture and inoculation into a naïve host. Others including Rivers, Fredericks and Relman, and the current authors have proposed alternative criteria to allow for instances where an agent cannot be propagated in culture or there is no suitable animal model with which to test for transmissibility of disease as well as infection [74] [75] [76] . Detailed strategies for pursuing causation are described in recent reviews [56, 77] . They rely upon demonstrating strength of association through assessment of adaptive immunity to the candidate agent, quantitation of viral burden, demonstration of footprints of the agent at the site of pathology, biological plausibility by analogy to disease associated with similar agents in the same or other hosts, and prevention or mitigation of disease through use of candidate-specific drugs or vaccines (Figure 1 ).
Conclusions
The introduction of new tools for surveillance, diagnosis and discovery is timely given the increasing globalization of travel and trade and other factors that enhance the emergence and re-emergence of pathogenic viruses. These tools will have application beyond control of acute disease. We anticipate that they will lead to insights into the pathogenesis of a wide range of idiopathic conditions not typically ascribed to infection such as neurodevelopmental, autoimmune and neoplastic disorders. Concomitant advances in methods for vaccine and drug development suggest the potential for dramatic improvements in health and welfare enabled by enhanced viral intelligence.
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